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Abstract
In 2013, the Upper Klamath Lake Basin, Oregon, experienced a dry spring, resulting in an executive order declaring a state of drought emergency in Klamath County. The 2013 drought limited the water supply and led to a near-total cessation of surface-water diversions for irrigation above Upper Klamath Lake once regulation was implemented. These conditions presented a unique opportunity to understand the effects of water right regulation on streamflows.
The effects of regulation of diversions were evaluated by comparing measured 2013 streamflow with data from hydrologically similar years. Years with spring streamflow similar to that in 2013 measured at the Sprague River gage at Chiloquin from water years 1973 to 2012 were used to define a Composite Index Year (CIY; with diversions) for comparison to measured 2013 streamflows (no diversions). The best-fit 6 years (1977, 1981, 1990, 1991, 1994, and 2001) were used to determine the CIY.
Two streams account for most of the streamflow into Upper Klamath Lake: the Williamson and Wood Rivers. Most streamflow into the lake is from the Williamson River Basin, which includes the Sprague River. Because most of the diversion regulation affecting the streamflow of the Williamson River occurred in the Sprague River Basin, and because of uncertainties about historical flows in a major diversion above the Williamson River gage, streamflow data from the Sprague River were used to estimate the change in streamflow from regulation of diversions for the Williamson River Basin. Changes in streamflow outside of the Sprague River Basin were likely minor relative to total streamflow.
The effect of diversion regulation was evaluated using the "Baseflow Method," which compared 2013 baseflow to baseflow of the CIY. The Baseflow Method reduces the potential effects of summer precipitation events on the calculations. A similar method using streamflow produced similar results, however, despite at least one summer precipitation event. The result of the analysis estimates that streamflow from the Williamson River Basin to Upper Klamath Lake increased by approximately 14,100 acre-feet between July 1 and September 30 relative to prior dry years as a result of regulation of surfacewater diversions in 2013.
Quantifying the change in streamflow from regulation of diversion for the Wood River Basin was likely less accurate due to a lack of long-term streamflow data. An increase in streamflow from regulation of diversions in the Wood River Basin of roughly 5,500 acre-feet was estimated by comparing the average August and September streamflow in 2013 with historical August and September streamflow.
Summing the results of the estimated streamflow gain of the Williamson River Basin (14,100 acre-feet) and Wood River (5,500 acrefeet) gives a total estimated increase in streamflow into Upper Klamath Lake resulting from the July 1-September 2013 regulation of diversions of approximately 19,600 acre-feet.
Introduction
The Upper Klamath Lake Basin in southcentral Oregon ( fig. 1 ) is bordered on the west by the Cascade Range and the east by volcanic uplands. Much of the 3,810 mi 2 basin is high desert and receives little direct precipitation (Gannett and others, 2007) . Water in the basin comes mainly from snowmelt runoff from the Cascades and uplands, and is used for agricultural irrigation, extensive waterfowl refuges, and support of aquatic wildlife in lakes and streams in the basin and downstream.
The agricultural economy of the Upper Klamath Lake Basin relies heavily on irrigation water. Upstream of Upper Klamath Lake, irrigation water comes primarily from surfacewater diversions in the Wood, Williamson, and Sprague River Basins, and also from groundwater. South of the study area, the lake provides irrigation water to the Bureau of Reclamation's Klamath Project. In recent years, Endangered Species Act Biological Opinions have required the Bureau of Reclamation to maintain prescribed minimum lake levels in Upper Klamath Lake to protect habitat for the endangered Lost River and shortnose suckers while at the same time maintaining specified streamflows in the Klamath River below the lake to provide habitat for Endangered Species Act listed salmon. Drought in the basin increases the competition between agricultural and environmental needs for limited water supplies.
In June 2013, streamflow in the Williamson River was below the 10th percentile, resulting in a water-supply shortage (Natural Resources Conservation Service, 2013a). On June 10, 2013, the Oregon Water Resources Department (OWRD) received a "call" from the Klamath Tribes requesting enforcement of their senior water rights (Klamath Tribes, 2013) . The 2013 drought in the Upper Klamath Basin limited the water supply and led to a near-total curtailment of surface-water irrigation diversions from Upper Klamath Lake and its tributaries. This curtailment of surface-water diversions was an opportunity to evaluate the effects of water-right regulation on Upper Klamath Lake Basin streamflows and the resultant yield to Upper Klamath Lake, which is the subject of this report.
Hydrologic Setting
Principal tributary streams to Upper Klamath Lake are the Williamson River, which drains the northeastern part of the basin; the Sprague River (a major tributary to the Williamson) and its major tributary, the Sycan River, which together drain the eastern side of the basin; and the Wood River, which originates from large springs north of the lake ( fig. 1 ). Together, these streams contribute about two-thirds of the annual streamflow into Upper Klamath Lake (Hubbard, 1970) . The Sprague River provides a substantial part of the total Williamson River streamflow on an annual basis. Spring Creek, a springfed tributary in the lower Williamson River, provides most of the Williamson River streamflow near the mouth during the late summer, when a large portion of the Sprague River streamflow is diverted for irrigation in normal years.
Purpose and Scope
This report presents the results of a study to evaluate methods of quantifying the effects of the 2013 regulation of surface-water diversions on inflows to Upper Klamath Lake and provides estimates of streamflow gains resulting from that regulation. The study area includes the drainage basins of the Williamson, Sprague, and Wood Rivers. The study evaluated several methods to compare historical streamflows to 2013 streamflows to quantify the effect of the 2013 water rights regulation on inflow to Upper Klamath Lake. Historical streamflow quantification was accomplished using long-term streamflow data. Method assumptions and uncertainties are discussed.
Background 2013 Climatological and Hydrological Conditions
In early June 2013, streamflow in the Williamson River near the mouth was below the 10th percentile, based on long-term U.S. Geological Survey (USGS) flow duration curves, The Natural Resources Conservation Service (2013a) forecasted that spring and summer streamflows would be 62 percent of average in the Williamson River Basin.
Although May precipitation was 107 percent of average, precipitation from the beginning of the water year (October 1-June 1) was 88 percent of average (Natural Resources Conservation Service, 2013b). Much of the basin was designated by the U.S. Drought Monitor (2013) in mid-June to be in a moderate drought condition, and water users in the basin expected greatly reduced streamflows in summer 2013. Streamflows in the Upper Klamath Lake Basin were not sufficient to satisfy all water rights in the basin. On June 12, 2013, OWRD began regulating Upper Klamath Lake Basin diversions to satisfy senior water rights.
Water Rights Regulation
As the 2013 priority call was implemented, irrigation diversions from streams were regulated within the Upper Klamath Lake Basin. 
Data Availability
Long-term streamflow data from the Williamson River Basin and Wood River Basin were collected by the USGS and OWRD at the gage locations shown in figure 1 and listed in table 1.
Williamson River Basin
Seasonal streamflow variations in the Williamson River Basin were analyzed using data from streamflow gages on the Sprague River near Chiloquin (11501000) ("Sprague gage"), and the Williamson River below the Sprague River, near Chiloquin (11502500) Comparing long-term streamflow to 2013 streamflow at the Williamson gage is problematic because the point of diversion for the Modoc Point Irrigation District (MPID) canal, a major diversion that provides irrigation to farmland on the eastern side of the Williamson River, was moved in 2008 from the Sprague River (below the Sprague gage) to the Williamson River below the confluence with the Sprague River and below the Williamson gage. Because flow data for the canal are sparse, there is large uncertainty in correcting Williamson River streamflow for the change in point of diversion. Consequently the streamflow at the Williamson gage was not used in the analysis. The inability to use the Williamson gage for the analysis was not a major deficiency, however, because most diversions within the Williamson River Basin occur in the Sprague River subbasin; therefore, the Sprague River streamflow data were considered a reasonable proxy for evaluating the impacts of regulation for the entire Williamson River Basin during the irrigation season.
Wood River Basin
Gaging stations have been operated intermittently on the Wood River since 1913. However, the data are not easily compared because the stations have been operated at different locations that are affected differently by tributary inflow, return flow, and diversions. In addition, the periods of record are short, ranging from about 1 to 14 years. The longest period of record of recent daily streamflow data collection is at Wood River at Dixon Road (11502940) from 2006 to 2013 by OWRD, but that gage is located at the upper end of the watershed just below the headwater springs and above all of the diversions, and thus could not be used in the analysis. The Wood River at Dike Road near the mouth gage (11504115), however, has a period of miscellaneous measurements made by the USGS, Klamath Tribes, and Graham Matthews and Associates (GMA) over the period [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] that could be used to evaluate Wood River streamflows. (GMA and Klamath Tribes data provided by Kris Fischer, Klamath Tribes, written commun., November 13, 2013). 
Methods
The following methods were evaluated for use in estimating the difference between measured streamflow and CIY-adjusted streamflow:
1. Streamflow Method: For the defined period (WY 1973 (WY -2012 in the Sprague River Basin, a Composite Index Year was created from 6 years of record that had streamflow in spring that was similar to that in 2013. 2. Baseflow Method: Hydrographs in each year of record were separated into their baseflow (groundwater) and surface-water runoff components. A baseflow CIY was created and compared to baseflow calculated from the 2013 measured stream hydrograph. This method reduces the effects of precipitation-caused runoff events.
Miscellaneous Streamflow Measurements:
Owing to the lack of long-term gaging stations in the Wood River Basin, miscellaneous streamflow measurements made in previous years were compared to 2013 values. Other methods considered but not used involved index stations, hydrographic comparisons, and analysis of the Upper Klamath Lake storage. Assumptions required for those methods proved to be invalid and/or the methods had large uncertainty in the results, and were not used.
Definition of Hydrographs Used in the Analysis
Four hydrograph types were used in the streamflow-gain calculations described in this report (figs. 3 and 4): 
Development of the Composite Index Year for the Streamflow and Baseflow Methods
Historical records for the Sprague River for WY 1973-2012 were evaluated for both the Baseflow and Streamflow Methods to find the years during which the spring recession most closely resembled that measured during 2013 and a CIY hydrograph created to define the shape of the CIY-adjusted hydrograph. For each year, the difference between WY 2013 streamflow and that for each candidate year was calculated for each 7-day moving average between May 1 and June 15. Two error metrics were evaluated: the mean error between years (bias) and the mean absolute error between years (general fit)(table 2). Low mean error between a candidate year and 2013 suggests that the total amount of streamflow during May 1-June 15 was similar, but mean error does not account for the shapes of the hydrographs or the timing of the peaks. Candidate years with low mean absolute error have similarly shaped hydrographs, but mean absolute error does not account for bias in either direction (more or less total water).
In general, years with low mean errors tended to have low mean absolute errors and vice-versa. For the Sprague gage (11501000), WY 1977 WY , 1981 WY , 1990 WY , 1991 WY , 1994 WY , and 2001 had the lowest of both error metrics of all candidate comparison years to WY 2013 and were chosen for inclusion in the CIY ( fig. 3) . Three of these years had less streamflow during the spring recession period than 2013 (1977, 1994, and 2001) , whereas three had more streamflow for the same period (1981, 1990, and 1991) . This distribution of relatively dry and wet spring recession periods provided an appropriate balance for the analysis. The anomalous October-November 2013 baseflow decline ( fig. 3 ) probably resulted from much less than average precipitation beginning in fall. Average precipitation for Klamath Falls in the months of October and November are 1.03 and 1.83 inches, respectively (Western Regional Climate Center, 2012). In 2013, October and November precipitation totals were 0.01 and 0.34 inch, respectively (MesoWest, 2013) . For years used in the creation of the CIY and most other years, there is a general trend of increasing flow from early September through November as less water is diverted and precipitation increases.
Streamflow Method
The Streamflow Method involves (1) creating a CIY hydrograph to define the shape of the CIY-adjusted streamflow hydrograph, (2) comparing the difference between the CIY and 2013 measured Spring Recession streamflows to determine the difference in streamflow magnitude (offset) between the measured and CIY hydrographs and, hence, the CIY-adjusted streamflows for the rest of the water year, and (3) comparing the CIY-adjusted streamflows and measured streamflows during the Equilibrated Regulation period to determine the effects of diversion regulation on the measured streamflow.
The purpose of the offset in step 2 is to normalize the CIY streamflows for measured 2013 streamflows: Although the Spring Recession hydrographs for the years that compose the CIY are closest to the 2013 Spring Recession hydrograph, the CIY and 2013 Spring Recession hydrographs were not identical in terms of average streamflow. Application of the offset was made with the assumption that the average difference in streamflow magnitude between the two Spring Recession hydrographs would have persisted through the Equilibrated Regulation period had no regulation occurred. To determine the offset, the difference between 2013 measured streamflow and the CIY streamflow was determined for each day during Spring Recession period (May 1-June 15) and an average difference calculated for the period. This value was applied to the CIY hydrograph to establish the CIY-adjusted streamflow, which was developed to represent hypothetical conditions of normal diversion.
As a check on the assumption that the CIY hydrograph (and, by extension, the CIY-adjusted hydrograph) represents reasonable streamflow conditions for comparison to the 2013 streamflow, the offsets between the CIY and measured 2013 hydrographs for the periods before and after the Equilibrated Regulation period were compared (fig. 4) .(The CIY-adjusted and no-regulation hydrographs are shown for reference.) For the Spring Recession period, the average 2013 streamflow at the Sprague gage was 32 ft 3 /s lower than in the CIY. If the CIY and measured 2013 hydrographs compared well, then in October, when streamflow diversions generally have ceased, the measured 2013 streamflow should once again be approximately 32 ft 3 /s less than the CIY streamflow for the same period. A large rain storm in late September-early October in 2013 caused an increase in Sprague River streamflow, but once the streamflow stabilized around October 7, 2013, the relation of the measured 2013 hydrograph to the CIY hydrograph returned to the pre-diversion-shutoff condition before flattening out due to abnormally low precipitation (fig. 4) . For the 21-day period of October 8-28, the average 2013 streamflow was 31 ft 3 /s lower than for the CIY, a 1-ft 3 /s difference between the Spring Recession and Post-Regulation periods. The small magnitude of this difference suggests that the adjusted-CIY hydrograph and no-regulation hydrograph were of similar magnitude before and after the Equilibrated Regulation Period, although this result gives no information about the shape or magnitude of the no-regulation hydrograph during the same period. A larger difference before and after the Equilibrated Regulation Period would have suggested a divergence between the adjusted-CIY hydrograph and noregulation hydrograph at some point. Once the CIY-adjusted streamflow hydrograph was established, the difference between it and the 2013 measured streamflow at the Sprague gage during the Equilibrated Regulation period (July 1-September 30) was determined. The resulting value represents the change in streamflow between the two hydrographs and is a measure of the effect of regulation of diversions on streamflow.
The CIY-adjusted hydrograph was created to approximate the shape of the actual 2013 hydrograph if there had been no diversion regulation. It is impossible to know what the shape of the 2013 hydrograph would have been without diversion regulation (the "no-regulation hydrograph" described earlier). The inability to quantify the difference between the CIY-adjusted Hydrograph and the No-regulation Hydrograph makes knowledge of the error inherent in the analysis impossible. Conceptually, however, the fact that the CIY-adjusted hydrograph is based on several low-flow years similar to 2013 makes it likely to be a robust tool.
Baseflow Method
Streamflow includes both groundwater components and surface-runoff components. Baseflow is the portion of streamflow composed primarily of groundwater. Large pulses of surface runoff from summer precipitation events can result in streamflow hydrographs with pronounced peaks, which make year-to-year comparisons difficult. Comparing hydrographs showing only baseflow minimizes the influence of precipitation events.
Daily baseflow was calculated using the USGS program PART (Rutledge, 1998) . PART uses the antecedent streamflow recession to separate baseflow from streamflow. If a daily decline of streamflow is less than 0.1 log cycle (10 percent log base 10), streamflow is considered equal to baseflow. The duration of surface-runoff peaks is estimated as:
Where N = the number of days after the peak, and A = the drainage area of the watershed, in square miles.
The PART algorithm is executed three times, once using the largest integer (number of days) that is less than the result from equation (1) and once more for each of the next two larger integers. The median of the three integers was used for this analysis, although the results varied little between integers.
PART was applied to the calendar year 2013 measured streamflow to determine baseflow conditions. Figure 5 shows a comparison of the 2013 streamflow hydrograph to the 2013 baseflow hydrograph resulting from the PART analysis. Note how the baseflow hydrograph is less prone to variability caused by precipitation events. PART was also applied to each year of the 6-year CIY, and results from those 6 years were averaged to create the baseflow CIY under normal diversion conditions. Figure 6 compares the 2013 baseflow at the Sprague gage with the CIY baseflow. The method of calculation of the change in baseflow between the Spring Recession and Equilibrated Regulation periods was identical to the method described for the Streamflow Method in (1) comparing the difference between the CIY and measured Spring Recession baseflow to determine the offset between the measured and CIY hydrographs and, hence, the CIY-adjusted baseflow for the remainder of the water year, and (2) comparing the CIY-adjusted baseflow and measured baseflow during the Equilibrated Regulation period to determine the effects of regulation on the measured baseflow.
Assumptions in the Baseflow Method are similar to those in the Streamflow Method. The Baseflow Method also assumes the CIY baseflow hydrograph is of similar shape to what the 2013 baseflow hydrograph would have been without diversion regulation (no-regulation 2013 baseflow hydrograph). The use of an antecedent streamflow recession to separate baseflow using the offset requires a hydrograph with a shape similar to what would occur in natural conditions (without large withdrawals or regulation with dams). Withdrawals that markedly alter the receding limb of a hydrograph could affect baseflow calculations.
Miscellaneous Streamflow Measurement Method for the Wood River Basin
Long-term streamflow data were not available near the mouth of the Wood River. Consequently, the Streamflow and Baseflow Methods could not be used to estimate the effect of regulation of diversions there. Streamflow data exist for the Wood River near the headwaters at Dixon Road (11502940), but the Dixon Road site is near the headwaters springs above any tributaries or diversions. A measurement site at Dike Road (11504115) Several factors prevent an accurate estimate of the amount of streamflow in the Wood River that reached Upper Klamath Lake due to diversion regulation. Rather than continuous streamflow data, the only data available are miscellaneous streamflow measurements. Some months have only a few measurements, and the timing of those measurements may have a marked effect on the estimation of average monthly streamflow. (For example, measurements made after a precipitation event would skew the average higher. As another example, during the Spring Recession period, when streamflow is typically decreasing rapidly, measurements made early in the month are normally higher than measurements made later in the month.) Also, due to the relatively short history of streamflow measurements at Dike Road, the two driest of the previous 8 years of collection (WY 2004 and 2007) were averaged for a CIY, rather than the 6 years most similar to WY 2013, as was done for the Streamflow and Baseflow Methods. Because of these limitations, this method has larger potential error than the Streamflow or Baseflow Methods, but is the only method available for this analysis in the Wood River due to a lack of historical gage data. Total estimated increased inflow to Upper Klamath Lake:
Results and Discussion
19,600
Streamflow Method
The average difference between the CIY and 2013 streamflow in the Spring Recession period was used to determine the offset between the CIY hydrograph and the 2013 hydrograph and establish the CIY-adjusted streamflows. Streamflow in 2013 at the Sprague gage averaged 32 ft 3 /s less than that in the CIY during the Spring Recession period (fig. 4 ). This offset was accounted for in all calculations made during the July-September Equilibrated Regulation period. For example, the August 1, 2013, streamflow was 174 ft 3 /s, whereas the CIY streamflow was 128 ft 3 /s, which would indicate a net increase from regulation of 46 ft 3 /s if not corrected for the difference during the Spring Recession period. However, because the 2013 streamflow during the Spring Recession period was offset on average 32 ft 3 /s lower than the CIY streamflow, that value was added to the August 1 difference, resulting in an estimated 78 ft 3 /s increase from 2013 regulation on that date. Each day's increase in streamflow due to regulation, in cubic feet per second, was converted to acre-feet and then summed for July 1-September 30 to calculate a total volume for the period. The adjusted average increase in streamflow due to 2013 regulation during the Equilibrated Regulation period (July 1-September 30) was 77.2 ft 3 /s, which is approximately 14,100 acre-ft (acre-feet, rounded) for the period (table 3) .
Baseflow Method
Average baseflow during the Spring Recession period in 2013 at the Sprague gage was 20 ft 3 /s less than the baseflow for the CIY. Consequently, an offset of 20 ft 3 /s was added to the difference between 2013 and CIY baseflow for the Equilibrated Regulation period to create the CIY-adjusted hydrograph. Seven-day moving averages of baseflow were evaluated to reduce the effect of individual storm events on average baseflow. The adjusted increase in baseflow at the Sprague gage during the Equilibrated Regulation period was 77.5 ft 3 /s ( fig. 5 ), equating to a baseflow increase of approximately 14,100 acre-ft for the period. This volume is nearly identical to the results from the Streamflow Method analysis, even though the calculation of baseflow using PART effectively removes several 2013 runoff events and subsequent streamflow increases resulting from late-summer rainfall.
After weighing the validity of the assumptions, data requirements, and restrictions for each method, it was determined that the Baseflow Method was the most appropriate approach for determining the effects of regulation on the Sprague River because it eliminates the potential effects of summer precipitation events on the analysis.
Miscellaneous Streamflow Measurement Method for the Wood River Basin
To estimate the increase in streamflow in the Wood River from regulation of diversions in the Wood River Basin, average 2013 streamflow measurements at Dike Road (11504115) in August and September were compared to average streamflow measurements in the same months from 2004 and 2007, which composed the Wood River CIY.
During the Spring Recession period (May 1-June 15), the difference between the 2013 average streamflow measurements and the CIY average streamflow measurements in the Wood River Basin became progressively smaller (table  4) . June is the last full month before surfacewater diversion regulation began. The average of the 2013 Wood River streamflow measurements during the Spring Recession period was 10.4 ft 3 /s lower than the CIY average.
In August, the first full month of Wood River Equilibrated Regulation period, the average 2013 streamflow measurement was 58 ft 3 /s higher than the CIY average. With the offset this is an estimated increase in streamflow from regulation of surface-water diversions of 68.4 ft 3 /s (about 4,200 acre-ft, rounded) (table 3) . For September, the difference between measured 2013 streamflow and the CIY streamflow was 11.3 ft 3 /s. Applying the offset gives an estimated gain of 21.7 ft 3 /s (about 1,300 acre-ft, rounded). Combining the gains from regulation of diversions during August and September gives a total of about 5,500 acre-ft. As has been explained previously, the lack of long-term data for the Wood River Basin makes these calculations approximate. 
Sensitivity Analyses
Sensitivity analyses were performed to examine the effect of altering the number of candidate years in the Baseflow Method CIY on the calculation of baseflow increase from the diversion regulation.
Number of CIY Years
In the first analysis, baseflow CIYs consisting of 4, 5, 6, 7, 8, 9 , and 10 years (table 2) with the lowest mean error statistics at the Sprague gage were evaluated (table 5). For the Baseflow Method analysis at the Sprague gage, the estimated increase in streamflow ranged from 3,360 to 19,400 acre-ft. The largest outlier in this group is the CIY incorporating 4 candidate years.
Three of the 4 years in the 4-year CIY had less streamflow during the Spring Recession period than 2013. Conversely, every year with mean error values ranked from 5 th to 9 th had more baseflow during the Spring Recession period than 2013. Whenever a year was added to the CIY that had more Spring Recession streamflow than 2013, the resulting calculation estimated an increase in summer 2013 streamflow from regulation of diversions. Conversely, adding years to the CIY that had less Spring Recession baseflow than 2013 had the opposite effect. These results underscore the importance of finding a balance between years with more or less streamflow than the year of interest when constructing the CIY and of the sensitivity to the number of years chosen for the CIY. 710 1990 1977 1994 2001 1981 6-years 77.2 14,100 1990 1977 1994 2001 1981 1991 7-years 96.0 17,500 1990 1977 1994 2001 1981 1991 2004 8-years 106 19,400 1990 1977 1994 2001 1981 1991 2004 1988 9-years 106 19,300 1990 1977 1994 2001 1981 1991 2004 1988 1987 10-years 83.5 15,200 1990 1977 1994 2001 1981 1991 2004 1988 1987 1992 
CIY Baseflow Patterns
In a second sensitivity analysis, each of the 6 years in the CIY was analyzed using the Streamflow and Baseflow Methods and was ranked on the basis of streamflow during the May-June period and July-September period compared to the other 40 years considered for this study in the 1972-2012 period of record (table 6 ). The year with the least baseflow was given a "dryness rank" of 1, and the year with the most baseflow a rank of 41. Three of the 6 CIY years investigated (1977, 1990, and 2001) had considerable increases in rank between the May-June period and the JulySeptember period. In other words, each of these 3 years had little streamflow relative to the other 40 years of consideration in the spring, but had more moderate streamflow levels in the summer, presumably after summer precipitation events or late snowmelt. Conversely, the other 3 CIY years investigated (1981, 1991, and 1994) had consistent ranks between the two periods.
As mentioned previously, the no-regulation hydrograph is a theoretical hydrograph that represents what streamflow would have been in 2013 had diversions occurred as usual. The inherent accuracy of the Streamflow and Baseflow Methods depends on the similarity of the shape of the no-regulation 2013 hydrograph compared to that of the years used in the CIY. If the no-regulation 2013 streamflow hydrograph were to show a moderate increase in rank between the Spring Recession and Summer Equilibrated periods, the CIY hydrograph would likely resemble the no-regulation 2013 hydrograph. If the no-regulation 2013 hydrograph were to remain low in rank through both periods, the shape of the CIY would lead to an underestimation of the amount of streamflow that reached the Upper Klamath Lake due to diversion regulation. Lastly, if the no-regulation 2013 hydrograph were to show a considerable increase in rank between the Spring Recession and Summer Equilibrated periods, the Streamflow and Baseflow Methods would overestimate the streamflow gains from regulation.
Although the no-regulation 2013 hydrograph for the Sprague gage is conceptual, to approximate it streamflow data from the gage Chewaucan River near Paisley, Oregon (10384000, operated by OWRD) (table 1, fig. 1 ) in an adjacent basin were analyzed using the same ranking techniques. The Chewaucan River Basin is smaller than the Sprague River Basin, but like the Sprague River, the Chewaucan River is in the semi-arid Great Basin, is fed by spring and summer snowmelt, and has agricultural diversions in summer. Chewaucan and Sprague River streamflows during the Spring Recession period are highly correlated ( fig. 7 ). For the May-June period, 2013 had the 9 th -lowest streamflow of the 41 years analyzed for the Chewaucan gage, whereas for the JulySeptember period, 2013 ranked as the 14 th lowest. The streamflow in the Sprague River for years in the CIY and for Chewaucan streamflow in 2013 both show a similar rank in dryness in the spring and similar increase in rank in summer, which supports using the CIY as a proxy for 2013 Sprague River streamflow with no regulation in the Streamflow and Baseflow methods.
Method Uncertainties and Suggestions for Improvement
This section discusses sources of uncertainty that could affect method reliability and suggests possible improvements to the approach that could reduce these uncertainties.
Method Uncertainties

Uncertainty Due to Water Management
Groundwater is a major component of streamflow in the Upper Klamath Lake Basin (Hubbard, 1970; Gannett and others, 2007) , and groundwater pumping captures water that contributes to streamflow and reduces flow in the stream. The analysis in this report assumed that 2013 groundwater pumping in the Sprague River Basin was similar to that in the years used in the CIY although increases in acres irrigated by groundwater have increased over time (Gannett and others, 2007, fig. 19 ). Increases in groundwater pumping that might have resulted from 2013 restrictions on surface-water diversions were not factored into the analysis. Given the current lack of knowledge concerning the specific effect of groundwater withdrawals on Sprague River streamflow, there was no way to quantify this effect.
The methods developed in this study to construct the CIY-adjusted hydrograph assumed that 2013 stream diversions during the Spring Recession period were similar to the diversions in years used in the CIY. If spring diversions were different, the differences in streamflow and baseflow calculated during the 2013 Equilibrated Regulation period may not be completely attributable to regulation of diversions. During the 2013 irrigation season (April 1-September 30), several precipitation events occurred, which might have resulted in possible additional streamflow. Although the baseflow program PART is designed to separate the base streamflows from runoff occurring from these precipitation events based on hydrograph shape, the other methods did not account for this possible additional streamflow. Annual variation in the amounts of summer precipitation could result in dissimilar hydrograph shapes, which is contrary to the assumption of no major summer precipitation in the Streamflow Method and to a lesser extent, the Baseflow Method. The offset used in the CIY was based on the basic shape of the 2013 spring recession hydrograph. Even though precipitation events changed the shape of the hydrograph, the offset was used for the entire irrigation season (Equilibrated Regulation period).
Suggestions for Improvement: Data Needs for Refining Streamflow Estimates
The Williamson River Basin has a long-term record of streamflow at several locations that was used to quantify 2013 streamflow increases from regulation of diversions. However, no comparable streamflow data set exists for the Wood River Basin. Continuous streamflow data collection at the gaging station at the mouth of the Wood River at Dike Road began in the summer of 2013 in cooperation with the Bureau of Reclamation and USGS. This new gage will improve quantification of Wood River flows into Upper Klamath Lake.
More documentation of the measurement of diversion flows (both groundwater and surface water) and the irrigation return flows (tailwater) throughout the Upper Klamath Lake Basin would greatly improve the quantification of net streamflows into Upper Klamath Lake.
Within the Williamson and Wood River Basins, a better knowledge of streamflow gains and losses due to diversions, return flows, and groundwater gains or losses in reaches between current gaging stations through seepage studies would help clarify the spatial effect of regulation and irrigation return flows on streamflow. Return flows from irrigation diversions in the basins were not considered for this study and could be important. Suggested site locations (La Marche, 2011, p. 125-130, table VI) and reaches within the basin where groundwater discharge has been estimated are mentioned in Gannett and others (2007, p.22, table 6 ). Additional streamflow data from currently gaged reaches could also help refine estimates.
Summary
Upper Klamath Lake Basin, the area drained by the tributaries to Upper Klamath Lake, predominantly the Wood River system and the Williamson River system, is important for agriculture and aquatic habitat in southern Oregon. In 2013, the Upper Klamath Lake Basin had a dry spring, resulting in an executive order declaring a drought emergency in Klamath County signed by Oregon Governor Kitzhaber on April 18, 2013. On June 10, 2013, priority "calls" were delivered to the Oregon Water Resources Department (OWRD) requesting that OWRD curtail junior water-right diversions to protect senior water rights. In response to the priority calls, OWRD personnel, over the following months, gradually shut off most surface-water diversions from streams within the basin. Water managers asked the U.S. Geological Survey (USGS) to estimate the increase in streamflow resulting from the priority calls. This unusual basinwide regulation of surface-water diversions was a unique opportunity to evaluate the effects of water-right regulation on streamflows.
The USGS, in cooperation with the Bureau of Reclamation, evaluated methods to quantify the increase in streamflow to Upper Klamath Lake resulting from the regulation of diversions. Two streams account for most of the streamflow into the lake: the Williamson and Wood Rivers. Three methods were used to quantify those increases in streamflows to Upper Klamath Lake.
Streamflows from water years 1973 to 2012 were evaluated to identify years with hydrographs similar to water year 2013, as measured at the Sprague River gage near Chiloquin (USGS station 11501000). (The Sprague River is the main tributary to the Williamson River.) Sprague River streamflow data were used as a reasonable proxy for evaluating the impacts of regulation on the entire Williamson River Basin during the irrigation season. The best fit 6 years (1977, 1981, 1990, 1991, 1994, and 2001) were combined to calculate a Composite Index Year (CIY). The streamflows were then adjusted to account for baseflow using antecedent streamflow recession methods. The increase in streamflow attributable to the 2013 diversion regulation was the difference between the 2013 measured baseflow and the CIY baseflow. This method (the "Baseflow Method") was considered to result in the most appropriate approximation of the increase in streamflow from regulation of diversions because it reduces the effect of irrigation-season precipitation events on the calculations. For the Williamson River Basin, the estimated increase in streamflow from regulation of diversions in 2013 was 14,100 acre-feet. The "Streamflow Method" (the difference between the 2013 measured streamflow and the CIY streamflow), despite a major precipitation event in July, produced similar results to the Baseflow Method.
Quantifying the change in streamflow from regulation of diversion for the Wood River Basin was problematic due to a lack of long-term streamflow information, so another comparison method was used in the Wood River evaluation. An increase in streamflow from regulation of diversions in the Wood River Basin of roughly 5,500 acre-ft was estimated by comparing the average August and September miscellaneous streamflow measurements in 2013 with historical August and September streamflow measurements. Summing results for both stream systems (Williamson and Wood Rivers) provides an estimate of the change in streamflow into Upper Klamath Lake from 2013 regulation of diversions of 19,600 acre-ft.
Other estimation methods were investigated but were found to be less accurate than the study methods and were not used in this study. The report discusses sensitivity analyses and method assumptions, and identifies further studies and data collection that could improve the accuracy of estimated yield from diversion regulation.
